Abstract
Introduction

35
Rainfall over Indonesia is governed by the austral-Asian monsoon, whose onset progresses from northwest-to-36 southeast during the austral spring (Aldrian and Susanto, 2003; Naylor et al., 2007) . This is also the season when the
37
El Niño -Southern Oscillation (ENSO) exerts its strongest influence on Indonesian rainfall, particularly during the Giannini et al., 2007) , suggesting that the timing of monsoon onset may be potentially predictable.
42
The date of onset of the rainy season is of particular importance for the agriculture sector over Indonesia (Naylor et 
53
This paper discusses the seasonal potential predictability of monsoon onset during the August-December season 54 over Indonesia. The approach taken is based on quantifying the spatial coherence of specific rainfall properties: the 55 September-December (SOND hereafter) rainfall total, rainfall onset date, and post-onset rainfall totals following 56 Haylock and McBride (2001) and Moron et al. (2006 Moron et al. ( , 2007 . The seasonal predictability of large-scale monsoon 57 onset is then estimated based on sea surface temperatures (SST) in July using a cross-validated canonical correlation 58 analysis (CCA). The two precipitation datasets (rain-gauge and CPC merged analysis of precipitation, CMAP) are 
67
Indonesia. The station-years having at least 50% of daily data are extracted and the 57 stations having at least 10 68 available years are selected. Missing entries (< 13%) were filled using a simple stochastic weather generator (Wilks, 69 1999), considering the wet-to-wet and dry-to-wet persistence and a gamma distribution for wet days, computed on a 70 monthly basis at each station. If a month is completely missing (< 3% of station-months for SOND), this method 71 simulates a climatological daily sequence for that month.
73 b. CPC Merged Analysis of Precipitation (CMAP)
74
Gridded pentad CMAP on a 2.5-degree latitude-longitude grid was selected within a window (12°S-6°N, 90-130°E)
75
over the 1979-2005 period, based only on rain gauges and satellite estimates (Xie and Arkin, 1996) . Over this 
79
Monsoon onset date can be defined in various ways. We used an agronomical definition (e.g. Sivakumar, 1988) 80 based on local rainfall amounts using thresholds to define the onset, requiring a certain amount of rainfall within a 81 specified period of time, with no extended dry spell occurring afterward. This local definition is sensitive to small-82 scale processes but is used here in order to be relevant to agricultural management, and to prevent any a priori 83 inflation of spatial coherence.
85
Onset date is defined to be the first wet day of the first 5-day sequence receiving at least 40 mm that is not followed 86 by a dry 10-day sequence receiving less than 5 mm within the following 30 days from the onset date. 
126
Statistical significance of interannual correlations is assessed against 1000 synthetic timeseries of the same length
127
and spectral density as the observed pair, but random phase (Janicot et al., 1996) , with the two-sided 90%, 95% and
128
99% significance levels indicated in the following by one (*), two (**) and three (***) asterisks respectively.
130
Results
131
a. Onset date
132
The mean onset dates determined from CMAP and GSOD, plotted in 
139
dates to those shown in Table 1 , except in northern areas (not shown). Moreover, the interannual variability is highly 140 consistent between both definition with cross-correlations > 0.85*** for all regions displayed in Table 1 
144
The interannual variability of onset date for the 14 stations over western and central Java is shown in Fig. 1b 
152
In fact, the correlation between large-scale SAI (leading PC time series) of CMAP is correlated at 0.84*** (0.84***)
153
with the Niño 3.4 SST anomalies in October, corresponding to the mean onset date across the domain. Some
154
skewness is also visible with delayed onsets exhibiting larger amplitudes than early onsets.
156
The leading EOFs of CMAP and GSOD onset dates are plotted in 
163
Similarly, the cross-correlations between the SAIs of each region defined in Fig. 1a are always positive and 164 significant at the one-sided 95% level or greater.
166
As discussed in Sect. 2d, the station-scale noise can be defined in terms of the (square-rooted spatial average) 
202
These are weak over monsoonal Indonesia, especially between southern Sumatera to Sulawesi, where those of the 203 leading EOF of onset peak (Fig. 2) , and this mode explains less variance (22% in CMAP and 11% in GSOD) than 
211
Ocean and scattered patches of the northern and eastern oceanic margins of the domain (Fig. 3b) could be evidence
212
of a deterministic signal and warrants further study.
214
The leading EOF of SOND residuals (Fig. 3c ) shares some similarities with that of post-onset 90-day rainfall 215 amounts ( Fig. 3b) , at least for CMAP (25% explained variance); both have relatively high homogeneous loadings 216 over eastern Indonesia, and weak loadings across monsoonal Indonesia. The leading EOF of GSOD (16% explained 217 variance) lacks similarity with its CMAP counterpart, and their PCs are not significantly correlated (r = 0.23).
218
Nearby stations often have quite different loadings, such as over Java (Fig. 3c) . By construction, the leading PC of 
226
while the curves usually tend to zero thereafter (Fig. 4) . The spatially-averaged rainfall anomalies at the end of the 227 rainy season, somewhere in March-April, are still consistent with the phase of the onset date but the amplitude of 10 these anomalies is weak (Fig. 4) . It suggests that the strongest spatially-coherent signal at large-scale (Fig. 4a ) and
229
for a particular subset of stations (Fig. 4b) is before or near the onset date while it tends to cancel thereafter.
231
c. Seasonal predictability of onset
232
The substantial spatial coherence of onset date suggests seasonal predictability. To provide a measure of the latter,
233
regression models are built using cross-validated CCA between July SST over the Tropical Pacific and Indian
234
Oceans (80°-240°E, 20°N-20°S) as predictors, and GSOD or CMAP onset dates as predictands. Note that the 14%
235
of missing entries in GSOD were firstly filled with a simple linear regression using the closest CMAP grid-point as 236
predictor. The models were built using the Climate Predictability Tool (CPT) software developed at IRI ( 
248
Indonesia. The regression model hindcast skill is plotted in Fig. 5c in terms of anomaly correlation, with regional 249 averages given in Table 1 (last column) . Skill values are highest over monsoonal Indonesia, exceeding 0.5** from 250 southern Sumatera to southern Kalimantan and Timor, reaching 0.80*** for the SAI computed over all stations
251
(0.70*** for CMAP). The sub-island subsets of stations in Table 1 achieve station-averaged skills ranging from 0.22
252
(northern Sumatera) to 0.84*** (southern Kalimantan). The spatial variability of skill over Java could be due to to these subjective parameters and future applications should carefully consider the impact of these choices on 264 specific crops. However, for our main purpose of analyzing the spatial coherence of anomalous onset dates, the 265 sensitivity to these parameters largely vanishes.
267
The interannual variability of rainy season onset over monsoonal Indonesia is shown from both gridded pentad
268
CMAP and daily station GSOD rainfall datasets to be characterized by a large-scale coherent signal, together with a 269 moderate amount of local-scale noise (Figs. 1b & 2) . Considering small subsets of GSOD stations recovers this 270 signal, despite the complexity of the island topography (Table 1 ). The interannual anomalies are dominated by 271 delayed onsets (Fig. 1b) . Conversely, the spatial coherence of interannual rainfall anomalies beyond the onset date is 272 weak, as revealed by the amount of rainfall in the 15-to 90-days after the onset and the SOND residuals from large-273 scale onset (Table 2 & Fig. 3a) . The leading EOF of post-onset 90-day CMAP amounts exhibits weak and rather 274 inconsistent loadings over the main islands with high loadings restricted to eastern Indian Ocean and scattered
275
patches of the northern and eastern margins (Fig. 3b) . However, this signal is strongly consistent in sign with onset 276 date in CMAP (i.e. late onset associated with smaller post-onset amount and vice versa). The leading EOF of SOND
277
residuals from large-scale onset lacks consistency between the GSOD and CMAP datasets, but both nonetheless 278 exhibit large spatially-coherent loadings over eastern Indonesia, but not over the eastern Indian Ocean (Fig. 3c) . The 279 spatial average of cumulative rainfall anomalies also exhibit their largest amplitudes before and near the onset date 280 (Fig. 4) , while the post-onset cumulative rainfall anomalies tend almost monotonically toward zero. There may thus 281 be some predictability in post-onset seasonal amounts, but most of the spatially-coherent signal in SOND seasonal 282 total, especially across islands, is merely related to the onset.
284 12
Our main finding is that most of the large-scale interannual signal of SOND seasonal rainfall total is conveyed by 285 variations in the onset date of the rainy season. This implies that (i) rainfall monitoring at a small set of stations 286 spread across Indonesia should be sufficient to establish interannual anomalies of onset date, and (ii) the scale of the 287 interannual variability of the onset suggests a large scale forcing and potential seasonal predictability. Indeed large-
288
scale onset is found to be highly correlated with an ENSO SST pattern during July (Fig. 5a) , i.e. at least one month
289
and half before the mean local-scale onset date. A cross-validated CCA using July SST in tropical Indian and Pacific
290
Oceans (80°-240°E, 20°N-20°S) as a predictor leads to promising skill values for the large-scale onset date (r = 291 0.80*** for GSOD ; Fig. 5b ). Further work is needed to examine the associated circulation changes and to
292
investigate the roles of ENSO and Indian Ocean climate variability (Hendon, 2003) .
294
The spatial variation of hindcast skill (Fig. 5c ) and onset EOF loadings (Fig. 2) warrants further study. Both exhibit 295 maxima from southern Sumatera to southern Kalimantan-quite close to the Equator-and decreases gradually 296 southward across Java and Sonde islands and more rapidly northward (Figs 2 & 5c, Table I ). The latter decrease 297 could be related to the year-round rainfall there (Aldrian and Susanto, 2003) and onset date should be viewed merely
298
as an increase of the rainfall rather than the transition between a real dry and wet season. In that case, the onset date 299 is sensitive to the subjective choices used to define it and is clearly less robust. This does not apply to monsoonal
300
Indonesia south of 5°S. The highest EOF loadings and SST-related skill over southern Sumatera to southern
301
Kalimantan coincide with the largest inter-quartile range of interannual variability (Table I ). This subequatorial band 302 is perhaps the most sensitive to the spatial shift of the ITCZ that probably triggers the onset of the rainy season. The 303 complex orography across Java could also enhance the intra-regional noise even between close stations but we must 304 also keep in mind that the spatial sampling is highest over Java (Fig. 1a) . Similarly, the nature of spatial coherence
305
for post-onset rainfall and SOND residuals over eastern Indonesia and the eastern Indian Ocean (post-onset rainfall 306 only), as well as sea-land contrast needs further investigation using better sampled datasets and/or regional model 307 simulations.
309
The large-scale signal in onset is still strongly present in multi-station small sub-island regions ( 
